dial wall of prefrontal cortex. In the same surgery, we also implanted a driveable bundle of microwires in the left ABL in both intact and lesioned rats. After recovery from surgery, recording sessions were conducted in which neural data were acquired in ABL as the rats learned new odor problems and subsequent reversals. We obtained data from 56 sessions in intact rats, including 35 reversal sessions, and from 71 sessions in OFC-lesioned rats, including 34 reversal sessions. Figure 2 shows an example of an OFC lesion and also illustrates the recording sites in these sessions.
It is important to emphasize that we made unilateral rather than bilateral OFC lesions to avoid the confounding effect of any behavioral impairment, which would have resulted from bilateral damage, on our recording results. Rats with bilateral OFC lesions would have had substantial difficulty acquiring reversals (Schoenbaum et al., 2003a) , and a failure to acquire the reversals in lesioned rats would have made it difficult to compare neural recordings during reversal learning from intact and lesioned rats, since go, no-go responding would have differed dramatically between the groups. We expected to avoid such gross behavioral differences between our intact and lesioned rats by using unilateral OFC lesions. Since the projections between OFC and ABL are largely ipsilateral, with only sparse connections to the region in the contralateral hemishere (Allen et al., 1991; Kita and Kitai, 1990; McDonald et al., 1996) , this approach preserves an intact circuit in one hemisphere to support normal behavior, while allowing us to record neural activity from ABL neurons in a damaged circuit in the opposite hemisphere. Any remaining projections from contralateral OFC into our recording site would presumably bias against observing changes in encoding as a result of the much greater loss of input from ipsilateral OFC. similarly on the discrimination problems during these recording sessions, achieving criterion at comparable rates in the initial discriminations (74 and 60 trials to appetitive sucrose solution, and the other "negative" criterion, respectively, F (1, 125) = 3.5, NS) and in subseodor signaled the availability of an aversive quinine soquent reversals (52 and 41 trials to criterion for intact lution. When presented with a novel odor pair, the rats and lesioned rats, respectively, F (1, 67) = 1.96, NS). In addiinitially responded at the fluid well on every trial, but tion, rats with ipsilateral OFC lesions showed normal subsequently learned to respond only after sampling changes in response latency during learning (Figure the positive odor. Rats acquired the odor problem when 3A). For this analysis, the acquisition of each problem they met a behavioral criterion of 18 correct go, no-go was divided into an early block of trials, corresponding responses in the last 20 trials.
to trials before the sixth error, a subsequent block of After the rats had each acquired several such probtrials during acquisition, corresponding to trials after lems, they underwent surgery to make a unilateral the sixth error but before the rat met the behavioral crisham (n = 3) or neurotoxic lesion (n = 4) of OFC. A lesion terion, and a postcriterion block of trials, corresponding of OFC was made in the left hemisphere, targeting the to trials after the criterion was met. As shown in Figure  lateral orbital and dorsal/ventral agranular insular re-3A, a difference in latency to respond emerged during gions to disrupt input from OFC to ABL (McDonald, the precriterion phase of training, reflecting relatively 1998). In no case did an OFC lesion extend medially to shorter latencies after sampling the positive odor and increases in latencies after the negative odor (Schoenaffect interactions between ABL and areas on the me- Over the course of reversal training, significantly time, the emergence of selective activity early in trainfewer new neurons (15/169, 9%) became cue selective ing clearly occurred prior to the development of accuafter reversal in OFC-lesioned rats than in intact rats rate discriminative performance. Thus, selective neural (29/174, 17%; χ 2 = 4.65, p < 0.05). Moreover, all of the activity was not tied to motor responding (go, no-go).
"reversing" cue-selective neurons that were observed Other cue-selective neurons were more slowly-selecin the lesioned rats came from sessions with at least 60 tive, developing differential activity only in the postcripostcriterion trials in the reversal phase (Table 2) , while terion phase (Table 1) appears to be needed to facilitate the rapid encoding By comparison, only 32 (16%) of 201 ABL neurons of the predicted outcome during cue sampling in ABL recorded in OFC-lesioned rats through reversal sesduring reversal training as it was during initial discrimisions exhibited differential activity during odor samnation learing. pling in the postcriterion trial block. Comparison of these data with data from intact rats indicated that the lesioned rats had significantly fewer cue-selective neuIpsilateral OFC Lesions Reduce Encoding rons (Table 1 , χ 2 = 7.68, p < 0.01). As illustrated in Table  of Expected Outcome during Delays in ABL 1, the decrease in cue-selective neurons in lesioned A failure to encode information about the predicted outrats reflected a significant decline in the proportion of come was also evident later in the trial, during a short rapidly-selective neurons in lesioned versus intact rats delay after responding but before outcome delivery. (Table 1 , χ 2 = 7.15, p < 0.01). There was no significant Previously, we reported that neurons in both OFC and difference in the proportion of slowly-selective neurons ABL develop outcome-expectant activity during this in intact and lesioned rats ( Figure 5B and develop in OFC in rats with ABL lesions, resulting in an earlier analysis. Excluding neurons that fired to the odor cues before outcome-expectant activity was observed, apparent decline in the number of cue-selective neurons in OFC in ABL-lesioned rats. Here, we examined we found that 15 of 59 outcome-expectant neurons (25%) recorded in intact rats became selective for the whether similar representations are, in fact, formed in ABL during learning, whether there is any impact of associated odor cue during learning ( Figure 4A ). These cue-selective cells were part of a larger population, dis-OFC lesions on their formation, and whether such an effect might explain the reduction in cue-selectivity that cussed earlier, that developed selective firing for one of the two odor cues. Thus, cue-selective neurons in we have discussed above.
For this analysis, we examined cue-selective firing ABL were comprised of two independent populations. One population developed from the outcome-expecin the outcome-expectant neurons identified by our tant neurons, thereby providing an associative activation of the expected outcome in the presence of a predictive cue. The second population encoded the acquired significance of the cue independently. Although the outcome-expectant population was smaller in lesioned rats, a comparable proportion of these neurons (7/38; 18%) became activated by the associated odor cue during learning ( Figure 4B ). Thus, although ipsilateral OFC lesions reduced outcome-expectant encoding in ABL, the lesions did not disproportionately affect activation of outcome-expectant cells during cue sampling once the rat had learned the cue-outcome associations.
Discussion
The current findings extend our understanding of associative neural encoding in ABL during learning and further identify a distinct role for the connections between OFC and ABL in supporting these correlates. (Trapold, 1970) . Here, for guiding behavior. This effect would be particularly evident during reversal learning when such erroneous rats learn to discriminate between two instrumental responses to obtain reward. When the two responses output would presumably influence other brain areas, thereby slowing the rate at which old response patterns lead to different outcomes, acquisition of the discriminative response is facilitated in normal rats. This faciliare abandoned in favor of new strategies. Importantly, this account would be consistent with findings that tation is thought to reflect the contribution of outcomeexpectancies to learning. Rats with lesions to either amygdala damage by itself does not cause reversal impairments, since the associative encoding in ABL is not ABL or OFC fail to show this facilitated learning in the presence of different outcomes (Blundell et al., 2001;  postulated to enhance normal reversal learning in the intact animal.
McDannald et al., 2005).
The prominent effect of OFC lesions on the rapid deIn conclusion, these data provide new information on how OFC and ABL interact in representing outcomevelopment of cue selectivity in ABL also provides a possible neural substrate for a number of other beharelated information. In keeping with their close anatomical relationship, we found an interdependent basis for viors that depend on OFC and ABL, particularly behaviors that reflect the motivational properties that a cue certain aspects of associative encoding. One aspect in particular, the ability to prospectively represent inforacquires during learning. For example, in the discrimination task employed here, we have found that intact mation about an impending outcome, relies on interconnections between these structures, thus providrats exhibit changes in their latency to respond at the fluid well after sampling the odor cues, responding ing a basis for behavioral impairments in tasks that require this associative representational function. At the more slowly on quinine trials and more quickly on sucrose trials as they learn. These latency changes same time, OFC connections were found to play an important and somewhat unanticipated role in the feature emerge at the same time as the rapidly developing cueselective firing in ABL chamber. If no activity was detected, the rat was removed, and the ately prior to implantation, these wires were freshly cut with surelectrode assembly was advanced 40 or 80 m. Otherwise, active gical scissors to extend w1 mm beyond the cannula and elecwires were selected for recording, and a training session was troplated with platinum (H 2 PtCl 6 , Aldrich, Milwaukee, WI) to an begun. impedance of w300 kOhms. During recording, the electrode bunNeural activity was recorded using a single Datawave Enhanced dle was advanced in 40 m increments to acquire activity from new Discovery system, capable of recording neural waveforms on up to neurons for the following day. eight channels. Signals from active wires were passed through a unity-gain JFET headstage, band-pass filtered at 300-3000 Hz, and Histology amplified differentially (relative to a silent reference electrode) at Following testing, rats were given an overdose of pentobarbital and 5000X (Neuralynx). Waveforms (>2.5:1 signal-to-noise) were digiprepared for perfusion. Immediately prior to perfusion, the final tized at 25 kHz and recorded to disk by the data acquisition softelectrode position was marked by passage of a 15 A current ware along with timestamps indicating when significant events octhrough each microwire for w10 s to create a small iron deposit. curred (odor onset, responding, fluid delivery, etc). The rats were then perfused intracardially with 0.9% saline folThese files were analyzed later using software from Plexon Inc lowed by 4% formaldehyde followed by 100 ml of 3% potassium (Dallas, TX). For this analysis, files were first imported into Offline ferrocyanide in perfusate to visualize the iron deposit. Brains were Sorter, where waveforms on each channel were sorted using a temremoved from the skulls and stored in a 30% sucrose/4% formalplate-matching algorithm. These waveforms were compared to dehyde/3% potassium ferrocyanide solution for several days until notes regarding the waveforms made during the session, and the sectioning. The brains were sectioned on a freezing microtome, interspike interval histograms were inspected to ensure that spike and coronal sections (40 µm) were collected through the areas of events were separated by >1 ms. Tyically, one to three waveforms ABL and OFC. Sections were mounted on glass slides, stained with could be isolated on an active channel. thionin, and coverslipped with Permount. Lesion and electrode Sorted files were then processed in Neuroexplorer to extract placements were verified under a light microscope and drawn onto these unit timestamps and relevant event markers. These data plates adapted from the atlases of Paxinos and Watson (1997) and were subsequently analyzed using statistical routines in Matlab Swanson (1992).
(Natick, MA) to examine firing activity during odor sampling (from 50 ms after odor onset to 50 ms after odor offset), during the variable delay after a response at the fluid well (from 50 ms before the Behavioral Methods Odor discrimination training was conducted in aluminum chambers response until fluid delivery) and after fluid delivery (first 500 ms). Firing activity (spikes/s) in each time window was compared on w18 inches on each side with sloping walls narrowing to an area of 12 inches × 12 inches at the bottom. An odor port and fluid well positive and negative trials during pre-and postcriterion trial blocks using ANOVA (p < 0.05), and neurons with a significant difwere located on a panel (Figure 1) , which was located in the right wall of each chamber below two panel lights. Odor discrimination ference in activity were categorized as "selective" in that time window and phase. problems were composed of odor pairs chosen from compounds obtained from International Flavors and Fragrances (New York, NY).
A Pearson χ 2 test (p < 0.05) was used to compare the proportions of neurons with different firing properties in intact and lesioned rats Discrimination problems were constructed from dissimilar odors, and the odor discrimination sequence was arranged such that simand to ask whether particular firing patterns (e.g., neurons that fired before sucrose delivery that became selective for the positive odor ilar compounds were counterbalanced by valence and did not repeat across days. During training, rats were maintained on water after learning) were observed at a greater frequency than expected by chance in the population of neurons. For these comparisons, restriction. After each session, the rats were given ad lib access to water for 10-30 min, depending on the fluid intake of each rat durchance was calculated based on the actual proportion of neurons in the population that exhibited each type of response. For examing the session.
Trials were signaled by illumination of the panel lights inside the ple, if 50 of 100 neurons fired selectively during sampling of the positive odor in a given phase, and 50 of 100 neurons fired selecbox. When these lights were on, nosepoke into the odor port (Figure 1) resulted in delivery of the preselected odor cue to a small tively while the rat was waiting for sucrose delivery in that same phase, then the chance occurrence of neurons with this combinahemicylinder located behind this opening. The rat terminated odor sampling by leaving the odor port and then had 3 s to make a go tion of selective activity (e.g., selective activity both during sam-
